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ABSTRACT
Plastic deformation experiments have been performed on Zn± Mg± Dy

icosahedral single quasicrystals at temperatures between 490 and 5308C and at
strain rates of 10¡5 and 10¡6 s¡1. The stress± strain curves show strong yielding
followed by a steady-state regime with a constant ¯ ow stress level up to strains of
about 8%. Thermodynamic activation parameters of the deformation process
were determined and are discussed in comparison with those found for
icosahedral Al± Pd± Mn. Microstructural investigations by transmission electron
microscopy on deformed samples were performed and indicate a deformation
mechanism mediated by dislocations.

} 1. INTRODUCTION

The mechanical properties of quasicrystalline materials have been the subject of
several investigations in recent years. First experiments on single-grain icosahedral
quasicrystals were performed on Al± Pd± Mn (Wollgarten et al. 1993), demonstrating
that, despite the lack of translational symmetry in this class of materials, plasticity is
mediated by a dislocation mechanism. The thermodynamic activation parameters of
the deformation process for the same material were determined by Feuerbacher et al.
(1995). Rosenfeld et al. (1995) carried out a detailed microstructural characterization
of plastically deformed Al± Pd± Mn single quasicrystals. The conclusions of these
studies were combined by Feuerbacher et al. (1997) into a qualitative model of the
deformation process, namely the cluster friction model. In this model, the Mackay-
type clusters, which are stable basic entities of the structure (Ebert et al. 1996, Janot
1996) act as rate-controlling obstacles to dislocation motion. In a later study,
Messerschmidt et al. (1999) formulated a more quantitative model in terms of an
extended Labusch± Schwartz theory, taking into account the high density and the
extensions of the cluster obstacles.

In this letter, we present the ® rst investigation of the plastic properties of single
quasicrystals of icosahedral Zn± Mg± Dy. The family of stable quasicrystals in the
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Zn± Mg± RE system (RE ˆ rare-earth elements) was discovered by Luo et al. (1993).
Systematic investigations of the phase diagram of Zn± Mg± Y by Langsdorf et al.
(1997) served as a basis for attempts at single-quasicrystal growth. Large single
grains of icosahedral Zn± Mg± RE were produced by Fisher et al. (1998) using the
¯ ux growth technique, by Langsdorf and Assmus (1998) using a liquid-encapsulated
top-seeded solution growth technique and by Sato et al. (1998) using the Bridgman
technique. The ® rst plastic deformation experiments on icosahedral Zn± Mg± RE
(RE= Y or Gd) were performed by Takeuchi et al. (1998) on coarse-grained material
containing an unidenti® ed second phase. The experiments described in the present
study were performed on single-quasicrystal samples containing only the icosahedral
phase. The results presented here can therefore be interpreted as the intrinsic plastic
properties of this material.

} 2. EXPERIMENTAL DETAILS

Icosahedral Zn± Mg± Dy quasicrystals were grown using the ¯ ux growth techni-
que (Can® eld and Fisk 1992, Fisher et al. 1998). The high-purity starting materials
were sealed in a molybdenum crucible under vacuum conditions in the following
proportions: zinc, 46 at.%; magnesium, 51 at.%; dysprosium, 3 at.%. The molybde-
num crucible was sealed in a quartz tube in order to protect it against oxidation. The
tube was placed in a chamber furnace on a water-cooled platinum tip, touching the
bottom of the crucible and acting as a cold ® nger. With this local cooling, prefer-
ential grain nucleation at the centre of the crucible bottom was achieved. The furnace
was heated to a temperature of 7008C, which is higher than the melting point of the
alloy, in order to homogenize the melt. After 7 h a slow cooling sequence was started
according to the following scheme: cooling to 6508C at 58C h¡1 , to 5758C at 18C h¡1

and to 4808C at 0:68C h¡1. At 4808C the excess liquid was decanted. Following this
procedure we were able to produce single quasicrystals of dodecahedral facetted
morphology of up to 9 mm in diameter. The ® nal composition of the single quasi-
crystals was determined as 62.8 at.% Zn± 30.2 at.% Mg± 7.0 at.% Dy by means of
energy-dispersive X-ray analysis. The quality of the material was characterized by
means of phase-contrast optical microscopy, scanning electron microscopy and
transmission electron microscopy. We found that the material consists of a single
phase, which was identi® ed as the icosahedral phase of face-centred icosahedral
structure, that is it possesses a face-centred hyperlattice. The electron di� raction
patterns showed sharp spots properly aligned along the systematic rows, indicating
a high structural perfection of the material.

For the deformation experiments rectangular samples of size about
3.2 mm £ 1:3 mm £ 1:3 mm were cut with a high-precision wire saw. The long axis,
along the compression direction, was oriented parallel to a twofold direction. The
surfaces were carefully ground and polished in order to prevent crack formation due
to surface roughness. The plastic deformation tests were carried out in air at tem-
peratures between 490 and 5308C. We used a Zwick Z050 testing machine under
closed-loop control at constant strain rates of 10¡6 and 10¡5 s¡1. The length change
was measured directly at the sample using a linear inductive di� erential transducer
with an accuracy of 10 nm.

The activation volume V of the deformation process is determined according to

V ˆ kT
mSI

; …1†
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where mS is the Schmid factor, k is Boltzmann’ s constant, T is the absolute
temperature and I is the strain-rate dependence of the ¯ ow stress. I can be obtained
using the relation

I ˆ @¼

@‰ln … _"†Š T

ˆ @¼

@‰ln …¡ _¼†Š T
: …2†

The rightmost term in equation (2) allows the determination of I by means of a stress
relaxation experiment, where the total strain is kept constant and the decrease in the
stress is measured as a function of time. The middle term is used for the determina-
tion of I by strain-rate changes. Here the stress change resulting from an imposed
sudden strain-rate change is measured.

The activation enthalpy D H was determined from combined stress relaxation
experiments and temperature changes of 108C according to the relation

D H ˆ ¡ kT 2

I
@¼
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After deformation, the samples were rapidly unloaded and quenched in water
within less than 30 s. They were cut into slices and prepared for transmission electron
microscopy by subsequent grinding, polishing and argon ion milling on a liquid-
nitrogen-cooled stage. The microstructural investigations were carried out using
JEOL 2000EX and 4000FX transmission electron microscopes.

} 3. R ESULTS

Figure 1 shows stress± strain curves for the icosahedral Zn± Mg± Dy single quasicrys-
tals at a temperature of 5008C and strain rates of 10¡5 and 10¡6 s¡1. After having

Plastic deformation of icosahedral Zn± Mg± Dy single quasicrystals 131

Figure 1. Stress± strain curves of icosahedral Zn± Mg± Dy at T ˆ 5008C and strain rates of
10¡5 and 10¡6 s¡1. Vertical stress drops labelled R in the curves are imposed stress
relaxation tests.



reached the upper yield point, both curves exhibit a pronounced yield drop down to
about 60% of the upper yield stress. At 10¡5 s¡1 an upper yield stress of 510 MPa
occurs at 1.2% strain, followed by a yield drop to 300 MPa. Then, up to 7.5% strain
a steady-state range is found showing a constant ¯ ow stress level of 300 MPa. The
curve corresponding to the deformation at 10¡6 s¡1 shows a lower upper yield stress
of 280 MPa at 1.15% and a yield drop to 180 MPa at 2.2%. The vertical stress drops
labelled R in the curves are imposed stress relaxation tests. The interpolated course
of the stress± strain curves is shown in the ® gure as dotted lines.

Deformation tests at the lower temperatures of 400 and 4508C and a strain rate
of 10¡6 s¡1 showed brittle behaviour, that is fracture of the specimens was found at
negligible plastic strain. Successful deformation tests were carried out in the tem-
perature range between 490 and 5308C at strain rates of 10¡5 and 10¡6 s¡1. Figure 2
shows the upper yield stresses and the steady-state ¯ ow stresses determined. A
monotonic decrease in the upper yield stress and the steady-state ¯ ow stress with
increasing temperatures is found. Figure 3 shows a compilation of stress± strain
curves at three di� erent temperatures and a strain rate of 10¡5 s¡1. Stress relaxation
tests, temperature changes and strain-rate changes are labelled R, TC and SRC
respectively. All the curves have a number of features in common. They show a
very pronounced yield drop and, after yielding, they reach a steady-state range,
showing no further changes of the stress± strain behaviour up to the highest strains
of our experiments. In the steady-state regime the curves show an almost constant
¯ ow stress.

The lowermost curve, obtained at 5208C, shows the typical course of a complete
testing sequence. At a strain of 3% a stress relaxation was carried out, after which
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Figure 2. Upper yield stresses and steady-state ¯ ow stresses of icosahedral Zn± Mg± Dy at
_" ˆ 10¡5 s¡1 and _" ˆ 10¡6 s¡1 for di� erent deformation temperatures.



the sample was unloaded. The temperature was increased by 108C and after an
equilibration time of 30 min the sample was reloaded and the ¯ ow stress level at
the second temperature was determined. Then the procedure was repeated, changing
the temperature back to the initial temperature at which the rest of the curve was
recorded. During the strain-rate change at about 7% the strain rate was subse-
quently changed to 1:2 £ 10¡5 s¡1, to 0:8 £ 10¡5s¡1 and back to 1 £ 10¡5s¡1. The
resulting changes in the ¯ ow stress were determined. The uppermost curve of ® gure 3
(5008C) was previously shown in ® gure 1. The broken curve (5108C) shows a yielding
behaviour which exactly corresponds to that at 5008C. In the course of this defor-
mation test a strain-rate change (subsequently to 1:2 £ 10¡5s¡1 , to 0:8 £ 10¡5s¡1 and
back to 1 £ 10¡5s¡1† at a strain of about 3.5% and a temperature change down to
5008C were performed. Note that the ¯ ow stress after the temperature change exactly
corresponds to that of the curve recorded at 5008C.

We evaluated the activation volume from stress relaxation experiments (® gure 4,
full squares and circles) and strain-rate changes (® gure 4, open squares) according to
equations (1) and (2). The Schmid factor was chosen to be mS ˆ 0:5 because of the
high isotropy of the icosahedral structure. We found activation volumes of between
0.61 nm3 at 145 MPa and 0.28 nm3 at 300 MPa. The data points evaluated from
stress relaxation experiments at 10¡5 and 10¡6 s¡1 and from strain-rate changes
follow one universal curve. The activation volume shows a hyperbolic stress depen-
dence (solid curve in ® gure 4). The stress exponent m was also determined by stress
relaxation experiments. It slightly decreases from 3.6 at 4908C to 3.2 at 5308C.

The temperature changes of 108C resulted in stress di� erences of 30 MPa at
T ˆ 5308C and 46 MPa at T ˆ 5108C. The corresponding values of the activation
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Figure 3. Stress± strain curves at di� erent temperatures and a strain rate of _" ˆ 10¡5 s¡1.
Stress relaxation experiments (labelled R), strain-rate changes (labelled SRC) and tem-
perature changes (labelled TC) were performed.



enthalpy D H calculated according to equation (3) are 3.5 eV at 5058C and 3.9 eV at
5258C.

The deformed material was investigated by transmission electron microscopy
under two-beam bright-® eld conditions. Samples deformed at a strain rate of
10¡6 s¡1 at 5008C up to a plastic strain of 1.5% exhibit a dislocation density of
6 £ 109 cm¡2. This is larger by three orders of magnitude than the dislocation density
in the as-grown state, which was determined as 6 £ 106 cm¡2. In addition, we found a
large number of slip traces in deformed samples, which will be discussed in detail in a
forthcoming paper (Heggen et al. 2000).

} 4. D ISCUSSION

In this letter, the intrinsic plastic behaviour of icosahedral Zn± Mg± Dy quasi-
crystals is described for the ® rst time. We performed macroscopic and microstruc-
tural investigations on single-phase single-quasicrystal samples in order to
characterize the plastic deformation properties of this material. The observation of
an increase in dislocation density by three orders of magnitude during plastic defor-
mation gives direct evidence that the plastic deformation process is mediated by a
dislocation mechanism. Close inspection of electron di� raction patterns of deformed
material shows that no phase transition to a non-icosahedral structure takes place
during deformation.

Plastic deformation of the specimens was possible at temperatures of 4908C and
higher. At lower temperatures, fracture of the samples occurs. Therefore we can
conclude that a brittle-to-ductile transition exists, located between 450 and 4908C
for the range of strain rates applied in our experiments. At elevated temperatures,

134 M. Heggen et al.

Figure 4. Activation volume evaluated from stress relaxation experiments at _" ˆ 10¡5 s¡1

(&) and _" ˆ 10¡6 s¡1 (*) and from strain-rate changes (&). Hyperbolic stress depen-
dence ( Ð ).



that is in the ductile regime, the stress± strain curves show an extraordinarily strong
yield drop after the upper yield stress. Stress drops of about 40% of the maximum
stress are observed, which is signi® cantly more than for the case of icosahedral Al±
Pd± Mn, yield drops of 10± 15% of the maximum stress being found for that material
(Schall et al. 1999).

At higher strains, after the yield drop, the stress± strain curves show an almost
constant ¯ ow stress level, which we refer to as the steady-state ¯ ow stress. In this
deformation stage, which extends up to the highest strains of about 8% in the
present experiments, neither a signi® cant hardening behaviour nor a signi® cant soft-
ening behaviour is found. In this respect, the behaviour of icosahedral Zn± Mg± Dy
di� ers from that of other quasicrystalline materials. All quasicrystalline materials on
which deformation experiments have been performed to date show a softening
behaviour at high strains, that is the ¯ ow stress continuously decreases with increas-
ing strain. This has, for example, been observed for polycrystalline Al± Cu± Fe
(Bresson and Gratias 1993) and for several other polycrystalline alloys (Kang and
Dubois 1992), and also for single-quasicrystal Al± Pd± Mn (Wollgarten et al. 1993,
Feuerbacher et al. 1997). On the other hand, for crystalline materials at higher
strains an increase in the ¯ ow stress with increasing strain is observed in general
and is referred to as work hardening. The present study shows that not a softening
behaviour but rather a lack of work hardening should be regarded a characteristic
feature of quasicrystal plastic deformation.

For a comparison of the steady-state ¯ ow stress with that of icosahedral Al± Pd±
Mn, which is the most intensively studied quasicrystalline material as far as the
plastic behaviour is concerned, we refer to the homologous temperature
T H ˆ T =T m , where T m is the melting temperature of the material. According to
di� erential temperature analysis, T m is 6008C for our alloy composition, that is
our experiments were conducted in the range from T H ˆ 87:4% to T H ˆ 91:9%.
At T H ˆ 88:5% we observe a ¯ ow stress of 300 MPa. In icosahedral Al± Pd± Mn a
¯ ow stress of 320 MPa at T H ˆ 88% was observed (Schall et al. 1999). Thus, the ¯ ow
stresses of these alloys are very similar. However, at the same temperatures the upper
yield stresses in Zn± Mg± Dy and Al± Pd± Mn are 510 and 400 MPa respectively. This
large di� erence is due to the extraordinarily large yield drop e� ect in icosahedral
Zn± Mg± Dy.

The activation volumes observed range from 0.61 to 0.28 nm3 , depending on the
applied stress. The absolute values of the activation volume as well as its stress
dependence are very close to the values found for icosahedral Al± Pd± Mn. This
can be taken as an indication that the plastic deformation mechanisms of these alloys
are similar. For icosahedral Al± Pd± Mn, a di� usion-controlled mechanism has been
ruled out (Feuerbacher et al. 1995). The rate-controlling mechanism has been
ascribed to the interaction of dislocations with elementary clusters (Feuerbacher et
al. 1995). However, up to now, no structure model for icosahedral Zn± Mg± Dy has
been established. Thus, for this material we cannot draw conclusions on the nature
of the rate-controlling process in more detail.

The activation enthalpy of 3.5± 3.9 eV is smaller than the values of about 6.5 and
5 eV at 7508C found by Feuerbacher et al. (1995) and Geyer et al. (2000) respectively.
The values in the latter publication were corrected for recovery e� ects during the
temperature changes. Taking into account the lower temperatures of our experi-
ments and assuming a linear dependence of D H on the absolute temperature, the
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values found for icosahedral Zn± Mg± Dy correspond well to those found in the study
of Geyer et al. (2000) for icosahedral Al± Pd± Mn.

Plastic deformation experiments on icosahedral Zn± Mg± RE (RE ˆ Gd or Y)
were conducted by Takeuchi et al. (1998) on coarse-grained material containing a
second unknown phase. These experiments were performed between 150 and 4008C
at a cross-head displacement of 3 £ 105s¡1, that is under experimental conditions
where we could not achieve plastic deformation using our single-quasicrystal single-
phase samples. Takeuchi et al. (1998) found an activation volume smaller than 1 nm2

at high stresses, increasing to very large values of about 18 nm2 as the stress
approaches zero. They evaluated a total activation enthalpy of 1.9 eV. These values
do not correspond well to our results. However, this is most probably due to the
di� erent experimental conditions and the di� erent compositions and qualities of the
samples.
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